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All three genes (AACl.AAC2 and AAC3) encoding the mitochondrial ADP/ATP translocator. were inactivated in a haploid yeast strain by a gene 
disruption technique. The triple mutant was still able to grow on fermentable carbon sources but only in the presence of oxygen. Under aerobic 
conditions neither translocator-protein nor carrier-mediated transport was detected in all mutants in which the AAC2 gene was disrupted. It was 
further shown that a functional AAC genes product is essential only for anaerobic growth of .Gcchorornyces cermisiae but not for growth under 
derepressed conditions. Under anaerobic conditions a non-detectable amount of AAC3 gene product is sufficient to ensure the cell growth and 
multiplication. 
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1. INTRODUCTION 
The ADP/ATP translocator is a nuclear-encoded in- 
tegral protein of the inner mitochondrial membrane. It 
exchanges ADP with ATP between the cytosol and mi- 
tochondrial matrix, a process that links the energy trans- 
duction between the two compartments. It is therefore 
essential for the aerobic energy metabolism of the cell. 
When respiration is inhibited, ATP is taken up into the 
mitochondrial matrix. exchanging internal ADP. Ear- 
lier studies in yenc? showed that the continual presence 
of ATP inside mitochondria is essential for eukaryotic 
cell [1.2]. Among other processes protein uptake into 
mitochondria requires energy [3]. ATP-dependent pro- 
tein folding catalyzed by mitochondrial heat-shock pro- 
teins seems to be one of the vital intramitochondrial 
ATP-dependent reactions [4.5]. It is therefore anticipa- 
ted that the abolishment of all ATP and ADP transport 
across the mitochondrial membrane will have a lethal 
effect on the yeast cell. To eliminate the ADP/ATP tran- 
slocator in yeast it is necessary to disrupt three highly 
homologous genes, AACl [6]. AAC2 [7] and AAC3 [8]. 
Recently it has been shown that one of these genes. 
AACZ, encodes the majority of the translocator in yeast 
[9.10]. but it is not clear yet to what extent the products 
of the other two genes participate in the ATP transport. 
that the ADP/ATP translocator is essential only for 
anaerobic growth of yeast indicating that an alternative 
mitochondrial ATP uptake may take place during aero- 
bic growth of these cells. 
2. MATERIALS AND METHODS 
In the present study several AAC deletion mutants 
including a triple mutant wcrc prepared and the ADP/ 
ATP translocntor properties were studied in mitochon- 
dria isolated from the mutant strains. The results show 
S~ccha~orl~~,cc~s cc e~i,rioc strains were used as previously described 
[8]: W303-ID (MATar. ade?. leu2. his3. ura3. trpl) provided by B.L. 
Trumpower (Dartmouth .Medical School) [8]. JLY-73 (MATa. 
HlS::aacZ, ade2. trpl. leu2. ura3. his3) [7] provided bg’ M. Douglas 
(University of North Carolina. NC). WB-3 (MAl‘r. LJRA::aac3. adcl. 
his3. Ieu2. trpl. ura3) and JL-3 (MATu. HlS::aac2.URA::aac3. ade?. 
lcu2. trpl. his3. ura3) prepared as in [8]. Respiratory deficient (p-) 
mutants were prepared by cthidium bromide mutagcncsis. Yeast cells 
were grown on YPD media containing glucose (0.5 or 2%) or galactose 
(2%). Cells were grown anaerobically in scaled jars containing a Gas- 
Pak anaerobic system (BBL Microbiology Systems) as prcGously dc- 
scribed in [8]. Rabbit antiserum to the purified yeast ADP/ATP trans- 
locator [I I] was kindly provided by I. Hapala (Institute of Animal 
Physiology. Ivanka pri Dunaji). The AACl gene [6] \vas cloned as 
dcscribcd in [8]. and a deletion was introduced into the reading frame 
by the overlap cstcnsion method exactly as dcscribcd in 1121. The 
oligonuclcotides used for constructing the deletion also introduced 
.Y/~ol and S//l sites at the 5’ and 3’ ends of the dcletcd scqucncc. 
rcspcctivcly. The 2.2 kb X/toI-&//I fragment containing the LEU-2 
gcnc was then inscrtcd inlo the dclctcd AACI gcrw and the lincarizcd 
construct was used to transform the strains dcscribcd nbow IO pivc 
;I LEU’ phcnotypc. The proccdurcs for isol;ltion of mitochondria 
I’rom respiratory-dcficicnt ycnst straim ;IS ~vcll as lilr mcasurcnwnts 
of [‘JC]ADP spccilie binding and cSchi\llgc wcrc pcrfornwd 1~) publish- 
cd proccdurcs [ I3.l4]. I<cco~~~bin;l~~t DNA tnc~hods wrc pcrliwmcd 
as dcscribcd [IS]. 
3. RESULTS 
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Fig. 1. Disruption ofthe AACI gene in various yeast strains. Genomic 
DNA was prepared from the wild-type and transformed haploid 
strains, digested with EcoRI and separated on a gel. Southern blots 
were probed with a I .35 kb fragment [8] of the AACl gent. (I) wild- 
type W303-IB: (2) AACI disruptants prepared from wild-type: (3) 
AACI disruptants prepared from JLY-73 (aact). (4) AACI dis- 
ruptants prepared from WB-3 (aac3) and (5) AACI disruptants 
prepared from JL-3 (aac2. aac3). 
of aacl, aac3 double and aacl, aac2. aac3 triple mu- 
tants. For this purpose a 1.35 kb fragment from AACl 
was cloned and 0.5 kb from the coding region of the 
gene was deleted using two consequent PCR reactions 
as described in section 2. The XfioI-Sun 2 kb fragment 
containing the LEU-2 gene was introduced into the de- 
leted region of the AACI gene and the linearized con- 
struct was used to transform the wild-type and AAC 
deletion mutants to the LEU’ phenotype. A Southern 
blot of genomic DNA digested with EcoRI and probed 
with a 1.35 kb fragment containing the AACI gene [8] 
demonstrated the presence of two bands in the strains 
with the disrupted AACl gene (Fig. I). The disruptions 
of the AAC3 and AAC2 genes in the mutants were 
verified in a similar way (not shown). The disruption of 
both a’acl and aac3 together yielded no distinct pheno- 
type. The aacl 1 aac3 mutant cells were able to grow on 
respiratory carbon sources, lo form viable mitochon- 
drial respiratory-deficient @-) mutants and to grow in 
the absence of oxygen. 
Surprisingly the triple mutant in which all three AAC 
genes were disrupted was still able to grow on fermenta- 
ble carbon sources, The mutant cells grow on both glu- 
cose and galactose to II ccl1 density corresponding to 
respiratory deficient cells with a growth rate slightly 
slower than that of the double dclction mutants aac2. 
ax3 from which it has been constructed. In agrccmcnt 
with results obtained carlicr [8] for the double dclction 
mutant aac2, aac3, the triple mlItant was not itble to 
grow under anitcrobic conditions. 
Various antisera have been used rcccntly to dctcrminc 
the quantity of the Lranslocstor protein in rnu[ant wiih 
ciclctions in AAC’I and AAC2 gcncs [Y.Y]. Thcsc cxpcri- 
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Fig. 2. ADP//,TP translocator content in mitochondria from AAC 
mutant cells Mitochondrial proteins (75 pug) isolated from the wild- 
type and m! ,tants described in Fig. I were electrophoresed on polya- 
crylamide r,els. blotted on nitrocellulose and decorated for ADP/ATP 
translocat )r protein with a translocator specific antibody [II]. (I and 
8) wild-ty,x: (2) WB-I (aacl): (3) WB-l-3 (aacl. aac3): (4) JLY-73 
(aact): (5) JL-I (aacl, aac2): (6) JL-t-3 (aacl. aac2. aac3): (7) JL-I-3 
(aacl, aac2. aac3) in which the AACI gene was expressed on a multi- 
copy plasmid YPN2 [8]. 
ments were extended here using a specific antibody pre- 
pared against wild-type yeast translocator [I I] and mu- 
tants in all AAC genes. The antibody crossreacted not 
only with the AAC2 protein but also with the product 
of the AACl (Fig. 2, line 7) and AAC3 (not shown) 
genes when expressed from a multicopy plasmid. 
Nonetheless. this antiserum fails to detect the ADPI 
ATP translocator protein in the mitochondrial mem- 
brane of mutants with the disrupted AAC2 gene. This 
also holds for mitochondrial membranes of the aacl, 
aac2 double deletion mutant with the intact AAC3 gene 
grown under anaerobic conditions (not shown). 
The disruption of the AACl and AAC3 genes either 
separately or together did not influence the content of 
the ADP/ATP translocator mcasurcd by this technique. 
To examine directly whether AACI and AAC3 gene 
products could participate in the transport of ADP and 
ATP across the mitochondrial membrane of yeast cells 
under dcreprcssed conditions the kinetic propertics of 
the translocator in mutant mitochondria were rneasur- 
cd. Fig. 3 shows the carrier specific C”‘-ADP binding 
(Fig. 3A) and cxchangc transport (Fig. 3B) to the mito- 
chondria isolated from mutants with disruptcld AAC 
gcncs. For comparison the same propcrtics in mito- 
chondrio isolated from ;I respiratory-dcficicnt (p-) mu- 
tant arc shown. The results dcmonstrotc that ncithcl 
specific C”-ADP binding nor cxchmgc transport could 
bc dctcctcd in mitochondria isolated from strains with 
the disrupted AAC2 ~CIIC (Fig, 3). Mitochondrial frac- 
tions isolated from both thr double und triple mutants 
cxhibitcd the highest lcvcl of unspecific [‘dC]ADl’ bin- 
ding and cxchangc. This most probably rcflccts thy IOW 
quality of the niitschondri;\ iWlirtCd from thcsc mu- 
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Fig. 3. Concentration dcpcndcncc of [‘JC]ADP binding and cxchangc 
by mitochondria isolated from different mutants. (A) Binding of 
[‘“CIADP. (B) Exchange of [‘%]ADP. Mitochondria (l-3 mg/ml) wcrc 
incubated at 0°C for I.5 min in a medium containing 0.6 M sorbitol. 
2 mM EDTA. 10 mM MOPS. pH G.4 and [‘?I]ADP ar concentrations 
indicated on the abscissa. Carboxyatractylnte (20 /tM) was cithct 
omitted from the medium or added bcforc or I .5 min after [“ClADI’. 
The binding IO the carrier specific sites (A) and ~hc cschangc (B) wcrc 
cvaluatcd as dcscribcd in section 2. cm) W303-IB 1~‘); (III) W303-IB 
@-); (‘.‘) JL-I (aacl. ax?) grown anaerobically: (X) JLY-73 (aac21: 
(A) JL-I (aacl. MC'): (a) JL-3 (UC?, ;liIC3); (,':,) JL-I-3 (aacl. aaC2. 
ilaC.7). 
tants. The results of thcsc cxpcrimcnts in addition to 
those obtained by immunoblotting indicate that the 
products of both AACl and AAC3 gcncs arc not sub- 
stantially participating in mitochondrial ADWATP 
transport under normal growth conditions Even under 
anaerobic conditions when AA63 gcnc transcription is 
specifically induced [8] WC wcrc not eblc to detect the 
AA63 gcnc product in the sac I, ax2 dsublc mutant by 
tllC SillllC tcchniqucs, 
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4. DISCUSSION 
In this work we report on the construction and char- 
acterization of haploid yeast strains in which the three 
AAC genes were disrupted simultaneously. The mutant 
can grow slowly on a fermentable carbon source under 
aerobic conditions. Under anaerobic conditions the tri- 
ple mutation is lethal. The reason for this is not clear. 
One of the possibilities is that ATP inside the mitochon- 
dria is necessary for growth, and in the complete ab- 
sence of ATP translocator and inhibition of electron 
transport by anaerobiosis. ATP could no longer be syn- 
thesized or transported into the mitochondria [l-S]. If 
this is correct, a small leak of nucleotides may support 
growth under aerobic conditions where ATP is generat- 
ed by oxidative phosphorylation. The protein responsi- 
ble for this nucleotide transport is not known and it is 
expected that in its absence the mutation will be lethal. 
The disruption mutants described in this study support 
this idea. Each one of the three AAC gene products can 
support growth on an oxidative carbon source when 
expressed from a multicopy plasmid. AAC2 gene pro- 
ducts are exclusively involved in ADP/ATP transport in 
aerobically grown cells. AAC2 and AAC3 genes can 
support growth on a fermentable carbon source under 
anaerobic conditions. In a mutant in which the AAC2 
gene was interrupted the ATP/ADP translocator could 
not be detected by specific antibody or transport measur- 
ements. It is suggested that low amounts of AAC3 gene 
product which is below the sensitivity of both detection 
methods if present in the mitochondrial membrane 
under anaerobic conditions. This low amount of trans- 
locator is sufficient to support anaerobic growth. 
Acknowledgctwnts: We thank Drs B.L. Trumpowr and M.G. Dou- 
glas for providing the yeast strains and Dr 1. Hapala for the yeast 
ADPIATP translocator anriserum. The technical assistance of MS H. 
Ferancova is grarcfully acknowlcdgcd. 
REFERENCES 
[I] Subik. J.. Kolarov. J. and Kov;iL’. L. (1972) Biochcm. Biophys. 
Rcs. Commun. 49. 192-198. 
[9] Subik. J.. Kolarov. J. and Kovic. L. (1974) FEBS Lctt. 45. 2G3- 
1GG. 
[3] Nelson. N. and Schnrt. G. (1979) Proc. Natl. Acad. Sci. US,\ 76. 
4365-430. 
[J] Hwang. S,T. and SchatZ. G. (1989) Proc. Nail. Aced. Sci. USA 
X6. X432-8436. 
(S] On~crmann. J.. Horwich. A.. Ncuncrt. W. and Harll. F.U. (1987) 
161 
I71 
INI 
PI 
IlO1 
Adrian. G.S.. MCC;IIIIII\OII. M.T.. Montgotncry. D.L. i\nd 
Do\Iflas. M.G. (1986) Mol. CCII. Dial. 6. 6X-633. 
LiI\VSOIl. J.E. illId DOUgliIS. M.G. (1988) J. Biol. Cllt!111. 263. 
14813I4HlX. 
Kolsrov, J.. KlIl;lro\a. N. otlrl N~IsoI~. N. (IY9U) J. IhI. Chl. 
x5. I?71 I. 12716. 
Lawson. J.E,. Ga\\a/l. M.. Klingcnhcrg. XI. UIIJ Daugl~~s. hl.ti. 
(1990) J. Bicl. Clam. X5. I4l9S-l42Ol. 
G;IW;IZ. M.. Dou~lits. h1.G. ;IIIJ Klinpcnhcrg. M. (I’IY(ll J. Viol. 
CIlClll '65 IJ’O’ law. ,_.. __ _ 
Volume 289. number 2 FEBS LETTERS September 1991 
[I I] Hapala. I. (1989) Biochem. Biophys. Res. Commun. 159. 612- 
617. 
[l2] Ho. S.N.. Hunt, H.D.. Horton, R.M.. Pullen. J.K. and Pease. 
L.R. (1989) Gene 77. 51-59. 
[I31 Weidemann. M.J.. Erdelt. H. and Klingenberg. M. (1970) Eur. 
J. Biochem. 16. 313-335. 
[I41 Kolarov. J.. Subik, J. and Kovaf. L. (1972) Biochim. Biophys. 
Acta 267. 457-464. 
[15] Maniatis. T.. Fritsch. E.F. and Sambrook. J. (1982) Molecular 
Cloning: A Laboratory Manual. Cold Spring Harbor Labora- 
tory. Cold Spring Harbor, NY. 
162 
